250 words). Polydnaviruses (PDVs) are mutualistic endogenous viruses associated 56 with some lineages of parasitoid wasps that allow successful development of the wasps within 57 their hosts. PDVs include two taxa resulting from independent virus acquisitions in braconid 58 (bracoviruses) and ichneumonid wasps (ichnoviruses). PDV genomes are fully incorporated 59 into the wasp genomes and comprise (1) virulence genes located on proviral segments that are 60 packaged into the viral particle, and (2) genes involved in the production of the viral particles, 61 which are not encapsidated. Whereas the genomic organization of bracoviruses within the wasp 62 genome is relatively well known, the architecture of endogenous ichnoviruses remains poorly 63 understood. We sequenced the genome of two ichnovirus-carrying wasp species, Hyposoter 64 didymator and Campoletis sonorensis. Complete assemblies with long scaffold sizes allowed 65 identification of the integrated ichnovirus, highlighting an extreme dispersion within the wasp 66 genomes of the viral loci, i.e. isolated proviral segments and clusters of replication genes. 67
test their function. It was thus shown that the nudivirus genes maintained in the wasps were 139 mainly those encoding structural proteins; those involved in DNA replication have apparently 140 been lost [24, 27] . These nudivirus-like insertions have also been shown to be more dispersed 141 in the wasp genome compared to the proviral segments [27] . In contrast, the viral ancestor of 142 IVs is not closely related to known pathogenic viruses: a series of conserved genes involved in 143
IVs particle formation has been clearly identified but they show no similarity with known viral 144 genes [26] . These genes are organized within the wasp genome in large clusters named 145 "Ichnovirus Structural Proteins Encoding Regions" (IVSPER; [26] ). So far, three IVSPERs 146 enclosing approximately 40 genes have been identified in the campopleginae Hyposoter 147 didymator [26] and in the banchinae Glypta fumiferanae [28] , based on sequencing of 148 corresponding regions from the wasp genomes (using a BAC approach). However, how 149
IVSPERs are distributed within the wasp genome in not known and other IVSPERs might 150 remain undisclosed. 151
Elucidating how viral insertions are distributed and organized in the wasp genomes is important 152 to fully characterize the machinery that produces PDVs, a necessary step toward understanding 153 the mechanisms that have driven the "domestication" of viruses in parasitic wasps. Yet, there 154 is a dearth of information regarding the distribution of IV sequences in IV-carrying wasp 155 genomes. For example, are IV proviral segments also clustered in replication units like the ones 156 found in BVs? Are there conserved recombination motifs analogous to those seen in BVs? Is 157 the position and gene composition of IVSPERs conserved across wasp species within the same 158 lineage? Since IVs and BVs derive from the integration of unrelated viral ancestors, comparing 159 their genomic characteristics can provide insights on whether similar selection forces have 160 operated on the domestication of the two types of ancestral viruses. 161
To answer these questions, we sequenced the genome of two ichneumonid wasps from the 162 subfamily Campopleginae, Hyposoter didymator and Campoletis sonorensis. Both species are 163 parasitoids of larvae of owlet moths (Lepidoptera, Noctuidae) and are associated with 164 endogenous ichnoviruses (respectively, HdIV and CsIV) putatively descending from a common 165 viral ancestral integration. Both HdIV and CsIV genomes packaged in virus particles have been 166
formerly Sanger sequenced ([29] for CsIV; [30] for HdIV) showing they share homologous 167 genes. For both wasp species, we assembled high quality genomes that allowed us to decipher 168 the genome architecture of the endogenous IVs, and to point out differences with that of BVs. 169 In addition, comparison of the IV genome organization and gene content in the two 170 campoplegine wasps indicated strong conservation of the virus-derived replicative machinery 171 whereas the sequences packaged in the IV particles are far more divergent and species specific. (Table 1 ). The C. sonorensis assembled genome consists of 259 Mb in 11,756 scaffolds with 183 sizes ranging from 400 bp to 6.1 Mbp, with an N50 of 725,399 bp and a contig N50 of 315,222 184 bp (Table 1) . For both ichneumonid species, G+C content was similar to most other parasitoid 185 species (between 33.6% and 39.5%) ( (Table 3) . Although different software packages were used for gene 195 prediction, the two species have similar gene annotation statistics, except for the transcript size, 196 which is longer in H. didymator, which also shows a higher predicted intron size (Table 3) . 197 BUSCO analyses indicate a high level of completeness of the two genome assemblies and 198 annotations, with 99% of the BUSCO Insecta protein set (1,658 proteins) identified as complete 199 sequences ( Figure 1A) . 200
Orthologous protein sequence families were calculated with Orthofinder by computing each 201 pairs' similarity among the genomes of different parasitoid wasps from the ichneumonid and 202 braconid families, harboring polydnaviruses or not. For H. didymator and C. sonorensis, a total 203 number of ~10,000 orthogroups was identified ( Figure 1B , Additional file 1A). The 204 orthogroups included a large majority of the H. didymator (87.1%) and C. sonorensis (71.4%) 205 genes. Amongst those, only a small portion corresponded to species-specific orthogroups: 11 206 orthogroups for H. didymator (69 genes) and 36 for C. sonorensis (288 genes). The number of 207 shared orthogroups declines with the increasing evolutionary distance among the other species 208 (from Venturia canescens to Drosophila, Additional file 1B). Amongst the orthogroups shared 209 by H. didymator and C. sonorensis genes, 313 were specific to these two IV-carrying species 210 ( Figure 1B , Additional file 1C), representing 875 proteins for C. sonorensis and 509 proteins 211 for H. didymator. 212 same locus (in most cases, the segments shared part of their sequence, Figure 3A ). Four 245 segments were present in two copies ( Figure 3B ), three had copies in two different scaffolds, 246 one was tandemly duplicated (Hd9). Finally, six totally new segments were identified in H. 247 didymator genome. Altogether, 55 HdIV proviral segments were found, ranging in size from 248 2.0 to 17.9 Kbp (Additional file 3). 249
Whole wasp genomes sequencing thus reveals a very large number of viral loci widely 250 dispersed in these genomes. DNA fragments of viral origin are separated by large portions of 251 wasp sequences, with a median size of 115.1 Kb between segments for those located on the 252 same scaffold ( Figure 4A ). To confirm by an independent approach that IV proviral segment 253 sequences were dispersed across the wasp genome, a FISH experiment was conducted for H. 254 didymator, using genomic clones enclosing viral sequences as probes. Four probes were used, 255 containing respectively segments Hd11, Hd6, Hd30 and Hd29, all in different genomic 256 scaffolds. Results show that each of the probes hybridized with a different chromosome ( Figure  257 4B), indicating that HdIV segments are indeed widely dispersed across the genome of H. 258
didymator. 259
To assess whether dispersion of the viral loci could have been mediated during genome 260 evolution by transposable elements, distribution of TEs was investigated in the regions 261 surrounding the proviral segments. The analysis of the families of transposable elements in the 262 regions surrounding the proviral segments (Additional file 5) did not reveal any particular 263 enrichment that could suggest a role of TEs in the dispersion of the IV sequences in the wasp 264 genomes. 265
266

Ichnovirus DRJs show variable architecture and multiple excision sites 267
Repeated sequences flanking the proviral segment (or DRJ, for direct repeat junction) were 268 found for all HdIV segment loci, except for Hd45.1 and Hd45.2. HdIV DRJs varied largely in 269 size, ranging from 69 bp to 949 bp (Additional file 6). Similarly, most CsIV segments (25 of 270 32) were flanked by DRJs, which ranged in size from 99 bp to as much as 1,132 bp (Additional 271 file 6). The number of direct repeats for a given proviral sequence was also variable ( Figure  272 5A, Additional file 6). The majority of the HdIV (28) and CsIV (19) segments contained a 273 single direct repeated sequence, one copy located on their right and left ends (named DRJ1R 274 and DRJ1L, respectively; Figure 5A , a). A few HdIV and CsIV segments also contained internal 275 repeats of the same sequence (hence named DRJ1int), potentially allowing the generation of 276 more than one related circular molecules by recombination between the different DRJ1 copies 277 (nested segments). Other IV proviral segments (21 HdIV segments, but only one CsIV segment) 278 contained two different repeated sequences, named DRJ1 and DRJ2 ( Figure 5A in sequence and in position suggests the possibility that a mixture of overlapping and/or nested 281 segments may be generated by homologous recombination in this context. 282
We used the DMINDA webserver [33] to search for conserved excision site motifs embedded 283 in IV DRJ sequences, using the all set of DRJs (99 DRJs) available for the two wasp species. 284 Some motifs were found, in particular one that occurred at least once in almost all the analyzed 285 DRJs (Additional file 7A). However, this motif may occur several times within a single DRJ; 286 furthermore, a search across the whole H. didymator genome revealed that there was not a 287 significantly higher chance for this motif to occur in the DRJ rather than in the rest of the wasp 288 genome (Additional file 7B). Hence, circularization of IV segments does not seem to rely on 289 the presence of a conserved nucleotide motif. 290
The two copies of the DRJ present at each end of the segment in the linear integrated form 291 exhibit some punctual differences, so the excision site or breakpoint can be identified in a given 292 recombined DRJ sequence with more or less resolution depending on the divergence between 293 the parental DRJ copies. To identify potential excision sites in IV circular molecules, we 294 analyzed two sets of H. didymator segment sequences using the DrjBreakpointFinder method 295 developed for this purpose (see Methods section). The automatic analysis of a large set of 296 recombined DRJ sequences revealed that excision could occur in different sites within a same 297 DRJ ( Figure 5B , 5C). This finding was confirmed by manual analysis of a subset of 8 segments 298 sequenced using Sanger technology (Additional file 7C). Interestingly some positions of 299 excision sites appeared more frequent than others for a given DRJ ( Figure 5B were predicted in the HdIV segments (Table 5 , Additional file 4). Both encapsidated genomes 311 contain a similar number of genes considering the IV-conserved multimembers families 312 (repeat-element genes, vankyrins, vinnexins, cys-motif and N-genes (Table 5 ). HdIV contain 313 more viral innexins, whereas CsIV more viral ankyrins and repeat-element genes ( Table 5) . 314
The high collinearity in gene order observed between the genomes of H. didymator and C. 315 sonorensis made it possible to assess if the viral insertions were located in the same genomic 316 environment for the two species. In order to accomplish this, the genomic regions containing 317 viral insertions in H. didymator were compared to their syntenic genomic regions in C. 318 sonorensis ( Figure 6C ). For the large majority of syntenic blocks containing an HdIV segment, 319 there was no viral insertion in the corresponding C. sonorensis block ( Figure 6C , a). Two 320 exceptions were found. The first is the insertion site of H. didymator segment Hd18 which is 321 located in the same genomic environment as the one where IVSPER-5 was inserted in C. 322 sonorensis genome ( Figure 6C Glypta fumiferanae ( Figure 7A ). Amongst the 36 different genes/gene families (corresponding 331 to a total of 48 genes) identified in the C. sonorensis genome, only one had no homolog in H. 332 didymator genome. This gene, named Gf_U27L, has similarities (BlastP e-value 1E-31) with 333 an IVSPER gene described in the banchine wasp G. fumiferanae [28] . On the other hand, 334 amongst the 44 distinct genes/gene families identified in H. didymator genome (corresponding 335 to 54 genes), nine were not detected in the C. sonorensis genome. Amongst them, three genes, 336 U29, U32 and U33, are newly described for H. didymator. They were classified as IVSPER 337 genes because of their localization in IVSPER-4 and, based on the transcriptome data generated 338 for genome annotation, they are transcribed in H. didymator ovarian tissue. Note that among 339 the homologous genes shared by H. didymator and C. sonorensis, the number of gene copies 340 within some multigene families differs between the two wasp species ( Figure 7A ). 341
The IVSPERs of the two species show high synteny ( Figure 7B ). Synteny blocks with 342 conserved gene order are shared for instance between Hd_IVSPER-2 and Cs_IVSPER-2 but 343 also Cs_IVSPER-3 with part of Hd_IVSPER-1 and part of Cs_IVSPER-1 with Hd_IVSPER- The genome assemblies described here are of high quality with contig N50 over 150,000 bp 363 and scaffold N50 from 1 to 4 Mbp. The annotated gene sets are similar in terms of numbers of 364 genes and estimated completeness compared to genomes of other parasitic wasps. The 365 assembled genomes allowed us to perform a comprehensive mapping of the viral inserts into 366 the wasp genome. 367
The first major finding is the dispersion of the ichnovirus loci. This was particularly true for the 368 IV proviral segments. All the 32 CsIV segments loci are located in different scaffolds, except 369
CsG and CsG2, present in the same scaffold. For HdIV, half of the 54 viral segments are located 370 in different scaffolds and for those located in the same scaffold, they are most frequently 371 separated by relatively long portions of wasp genome. This dispersion was confirmed by FISH 372 experiments, showing that viral loci are distributed across various chromosomes. We therefore 373 did not find in the ichneumonid genomes any viral macro-locus as reported for bracoviruses 374 [16] . Indeed, in braconid genomes, the BV segments are for the most part clustered in a unique 375 locus gathering tens of segments, organized in replication units. For instance, the braconids 376
Glyptapanteles indiensis and G. flavicoxis genomes contain 29 proviral segments, with 70% of 377 them residing in a single large macrolocus [34] . Similarly, the M. demolitor genome contains 378 26 proviral segments; they are organized in 8 replication units located at 8 loci, loci 1 containing 379 14 segments [27] . In stark contrast, IV genomes consist of a series of single viral segments 380 scattered within the wasp genome. In addition, as no enrichment of transposable elements in 381 the surrounding of the IV segments have been observed, their dispersal in the wasp genome 382 may result either from a diffuse integration of the virus ancestors or multiple genomic 383 rearrangements events. 384
As previously described, the proviral segments are sequences that are packaged and transferred 385 to the parasitized host whereas the IVSPER genes correspond to the "replication" genes, 386 involved in the production of the virus particle. Until now, replication genes were known solely 387 for one campoplegine wasp, H. didymator [26] , and one banchine, G. fumiferanae [28] . Our 388 study discovered replication genes in the C. sonorensis genome and showed a conserved 389 IVSPER architecture for the two campoplegine wasps. In both H. didymator and C. sonorensis 390 genomes, the majority of the replication genes are clustered. Indeed, only two isolated genes 391 were identified in the C. sonorensis genome and only one in the H. didymator genome. In 392 addition, H. didymator and C. sonorensis contain common genes arranged in a quite well 393 conserved order. Noteworthy, most campoplegine IVSPER genes are also present in the 394 banchine G. fumiferanae; however, the gene order is less conserved when comparing the two 395 wasp subfamilies [9] . The high proportion of shared IVSPER genes between campoplegine and 396 banchine wasps, including the D5 primase-like and DEDXhelicase-like first described in G. 397 fumiferanae (corresponding to U37 and U34 respectively in H. didymator), tend to favor the 398 hypothesis of a common virus ancestor for campoplegine and banchine IVs. This is quite 399 notable, considering that the two subfamilies do not form a monophyletic group [35, 36] and 400
IVs are not reported for other subfamilies in the same lineage. The divergences in IVSPER gene 401 order between campoplegine and banchine reflects the phylogenetic distance between the 402 species, with the viral loci evolving by genomic rearrangements specific to each of the 403 ichneumonid subfamilies. Better understanding of the evolutionary trajectories of IVSPERs 404 across ichneumonid lineages requires additional sequencing of banchine wasp genomes, as well 405 as a thorough screening of species from other subfamilies for the presence of endogenous 406 viruses. 407
Our study now provides the ability to make direct comparisons of viral composition between 408 ichneumonid and braconid genomes. The genomes of campoplegine wasps associated with IVs 409 contain numerous dispersed viral loci consisting of single viral segments and clusters of 410 replication genes. By contrast, genomes of braconid wasps associated with BVs have clustered 411 viral segments and more dispersed replication genes. For example, 76 nudiviral genes were 412 identified in M. demolitor; half of these are located in a "nudiviral cluster" while the remainder 413 are single genes located on different genome scaffolds [17] . This alternative genomic 414 architecture probably reflects different regulatory mechanisms governing viral replication and 415 particle production of the two PDV taxa. In braconids, the organization of the viral segments in 416 replication units allow simultaneous co-amplification of several segments [21, 37] whereas in 417 ichneumonids, each segment is individually amplified by a mechanism yet to be identified. 418
IVSPERs DNA is also specifically amplified in the replicative ovarian tissue [26] , what 419 participates to increase gene copy number and thus to increase transcription levels. However, 420 gene copy number is not the only mechanism involved in transcriptional control; IVSPER genes 421 differ in their expression level in H. didymator calyx [38], suggesting that gene specific 422 mechanisms are also involved in IVSPER gene expression regulation. In the case of 423 . The presence of internal repeats, which allows the 432 generation of multiple circular molecules from the same proviral template in a process termed 433 "segment nesting", has also been reported, mainly for IV [22] and rarely for BVs [16] . 434
In the case of bracoviruses, where segments are organized in a macro-locus, DRJs are thought 435 to be involved downstream during replication. A first excision probably occurs thanks to 436 sequences that limit the replication units in which there are also conserved sites [37] . Then the 437 DRJs would serve to separate the different BV segments and generate the circular molecules. 438
For ichnoviruses, where the proviral segments are individually amplified, there is no data 439 presently on the limits of the replication units, making difficult to assess if DRJs are directly 440 involved in the excision of the segment, or if there is also a two-step process involving other 441 sequences. 442
Interestingly, some segments lack terminal repeats, mostly for CsIV (five segments of the 32 443 identified). This is particularly true for four CsIV segments newly identified; they are viral in 444 nature since they all contain the IV characteristic repeat-element genes. The lack of one of their 445 terminal repeats suggest they had lost their ability to be excised; this hypothesis would be 446 consistent with the fact that they have not been revealed when the CsIV packaged genome was 447 sequenced [29]. A similar finding was found in the braconid Cotesia congregata which harbors 448 a pseudo-segment (CcBV pseudo-segment 34) mutated in the DRJ core which do not produce 449 a packaged circle, whereas its homologous segment in Cotesia sesamiae produces a molecule 450 packaged in the CsBV particle [16] . The fifth CsIV segment lacking DRJs is ShC, a segment 451 that conversely to the four others, has been reported as part of the CsIV packaged genome [29] . 452
In the present work, we found that ShC is embedded into IVSPER-2, i.e. corresponds to a region 453 encoding replication genes which is, in addition, also conserved in H. didymator IVSPER-2 454
[26]. When we compared the ~2 Kbp regions encompassing the pseudo ShC segment and 455 flanking wasp sequences, no similarity was found (the only nucleotide motif repeated in 456 IVSPER-2 was a 170 nt long motif located between U6L and U7L in one side, and within U25L 457 on the other side). The absence of repeated sequence suggests that this sequence is not excised 458 but part of an IVSPER. 459
Another important finding highlighted by our work is the documentation of inter-segment 460 variability of DRJs in terms of sequence length, number and organization. Hence some HdIV 461 segments harbored two different repeated sequences, and/or one or several internal repeats. This 462 complexity suggests numerous possibilities to produce by intrachromosomal homologous 463 recombination a series of related circular molecules that will be packaged in the particles. IV 464 DRJs vary in size, ranging from less than 100 bp to more than 1 Kbp and in similarity rate, with 465 identity between pairs of related DRJs varying from 70 to 98% (Additional file 6). The rate of 466 homologous recombination between DNA fragments is affected by sequence length and 467 divergence (reviewed in [40]); thus variability of IV segment DRJs length and homology rate 468 suggests that homologous recombination efficacy may vary from one segment to the other. 469
While for bracoviruses the DRJs contain a conserved tetramer AGCT embedded within a larger 470 motif, which corresponds to the site of excision [17, 41], we did not identify a conserved motif 471 specific to IV DRJs. On the other hand, an automatic search of the excision sites using the 472 algorithm developed in the present study allowed us to posit various possible sites of excision 473 and recombination within a given DRJ. Interestingly, some sites seemed to occur more 474 frequently than others. However, for now, the mechanism and the proteins involved in DNA 475 double-strand breaks and repair in IV sequences remains to be identified. In the case of didymator are specific to this species; they correspond in majority to short sequences and may 488 for some not be truly functional IVSPER genes, however they are all transcribed in calyx cells 489 based on our transcriptome analyses. In both H. didymator and C. sonorensis, there is only a 490 few clusters, and one or two isolated genes. Noteworthy, the isolated gene in H. didymator is 491 U37, a homolog of the D5 primase gene described in the banchine G. fumiferanae where this 492 gene is embedded within an IVSPER (Gf-IVSPER-1; [28]). One of the two U37 homologs in 493 C. sonorensis is also isolated, but in a genomic context distinct from that in H. didymator, 494
whereas the other is localized in Cs-IVSPER-1 (Figure 7) . Gene order within the clusters is 495 well conserved between H. didymator and C. sonorensis, even though these regions underwent 496 rearrangements over evolution. Compared to the IVSPERs, the viral segments carrying 497 virulence genes appear more divergent and species-specific, despite the existence of common 498 gene families. The two components of the ichnoviral genome also differ in terms of 499 conservation of their genomic localization. First, we did not find any viral segment inserted in 500 a given block of synteny when comparing H. didymator and C. sonorensis. The situation of 501 viral segments in ichneumonids therefore seems different from that described in braconids, 502
where the viral segments remain in homologous positions, flanked by conserved wasp genes 503 [16] . In ichneumonids, viral segment diversification and dispersion may result from 504 transposition of each viral sequence in the wasp genome while for bracoviruses, segment 505 multiplication occurs by duplication of large areas [16]). By contrast, two of the five IVSPERs 506 were localized in the same genomic context in H. didymator and C. sonorensis ( Figure 7C ). 507 These two IVSPER harbor related genes, what suggests a common ancestral origin. These loci 508 may represent ancestral viral insertion sites that are still conserved in both wasp genomes. For 509 the others, the lack of co-localization indicates that IVSPERs are able to move quite easily in 510 the wasp recipient genomes. Note that we were not able to highlight transposable element (TE) 511 enrichment close to viral insertions, suggesting that transposition of viral sequences may rely 512 on another still unknown mechanism which might have been inherited from the ancestor virus. 513
The conservation of IVSPER genes is consistent with what would be expected from a functional 514 point of view: they constitute the machinery allowing the wasp to produce the particles, i.e. the 515 delivery systems on which the parasitoid relies for its survival. As such, mechanisms for viral 516 replication and packaging are not expected to be subject to rapid change. Meanwhile, proviral 517 segments carry virulence genes, which need to quickly respond to counter-adaptations arising 518 in the immune system of the parasitoid host. Since campoplegines are koiniobiont 519 endoparasitoids that often have a restricted host range [42, 43] , proviral sequences are expected 520 to evolve rapidly and in a species-specific manner. Finally, we did find that a same syntenic 521 block contained a proviral segment in H. didymator and an IVSPER in C. sonorensis. In a 522 scenario of a common origin between IVSPER and viral segments (i.e. the ancestral virus), this 523 locus may represent an ancestral viral insertion site, which may have contained sequences 524 corresponding to the complete ancestral virus genome before its separation in two components, 525 the proviral segments and the replication gene clusters. 526 527
Conclusions 528
Whole genome sequencing of two parasitoid wasps, H. didymator and C. sonorensis, which 529 both harbor integrated ichnoviruses, is reported here for the first time. These are the first 530 annotated full genomes available for the family Ichneumonidae. Most importantly, they allowed 531 us to piece together a comprehensive picture of the architecture of ichnoviruses in the wasp 532 genomes. Our results reveal an interesting duality between specific genomic features shown by 533 the proviral elements of the polydnavirus genome and the conserved nature of the viral 534 machinery within the wasp DNA. While this may be linked to the biological functions of these 535 two types of genomic elements, this genomic organization is directly opposed to that observed 536 in bracoviruses, highlighting how similar solutions to adaptive demands can convergently arise 537 via very different evolutionary pathways. Tracing the steps that have led to the architecture of 538 modern ichnoviruses from the domestication of an ancestral virus will require the sequencing 539 of other ichneumonid wasps from multiple lineages. Assembly of the sequenced reads was conducted using Supernova v. H. didymator transcripts were aligned to the C. sonorensis genome using BLAT [49] . We 569 created hints files for Augustus from the repeat-masked genome and the BLAT alignments. We 570 also ran BUSCO v3 [50] with the -long option both to assess genome completeness and to 571 generate a training set for Augustus. We then ran Augustus v3.3 [51] for gene prediction using 572 the three lines of evidence, the RepeatMasker-generated hints, the BLAT-generated hints, and 573 the BUSCO-generated training set. 574 575 H. didymator whole genome sequencing, assembly and automatic annotation 576
Genomic DNA was extracted from a batch of adult males (n=30). DNA extractions that passed 577 sample quality tests were then used to construct 3 paired-end (inserts lengths = 250, 500 and 578 800 bp) and 2 mate pairs (insert length = 2,000 and 5,000 bp) libraries, and qualified libraries 579 were used for sequencing using Illumina Hiseq 2500 technology (Additional file 9B) at the 580 BGI. For genome assembly, the raw data was filtered to obtain high quality reads. 581
The reads were assembled with Platanus assembler v1.2.1 [32], in 2 steps (contigs assembly 582 and scaffolding), then the scaffolds gaps were filled with SOAPdenovo GapCloser 1.12 [52] . 583 Finally, only scaffolds longer than 1,000 bp were kept for further analyzes. sequences from campoplegine and banchine species were used to search the H. didymator and 606 C. sonorensis genome scaffolds using the Blastn tool implemented in the Apollo interface. To 607 determine the limits of the proviral segments, we searched for direct repeats at the ends of the 608 viral loci by aligning the two sequences located at each end using the Blastn suite at NCBI. The 609 start or stop codons of the genes located at the ends of the IVSPER loci were considered as the 610 borders of the IVSPER. were used. Thus a total of 18,154 protein coding genes for H. didymator and 21,987 for C. 627 sonorensis were included in the analysis (Table 4A ). The syntenic blocks were reconstructed 628 with Synchro [69] using the genomes and proteomes of the same species. 629 630 H. didymator genomic BAC library construction and sequencing 631
Genomic BAC clones were obtained as described in [26] . Briefly, high molecular weight DNA 632 was extracted from H. didymator larval nuclei embedded in agarose plugs. The nuclei were 633 lysed and the proteins degraded by proteinase K treatment. DNA was partially digested with 634
HindIII. The size of the fragments obtained averaged 40 kbp as controlled by Pulse Field Gel 635
Electrophoresis. Fragments were ligated into the pBeloBAC11 vector. High-density filters were 636 spotted (18,432 clones spotted twice on nylon membranes) and screened using specific 35-mer 637 oligonucleotides. Positive clones were analyzed by fingerprint and, for each probe, one genomic 638 clone was selected and sequenced using Sanger technology (shotgun method) by the 639 Génoscope, Evry, France. The sequences obtained were then submitted to a Blastn similarity 640 search against NCBI nr database in order to confirm presence of HdIV sequences. Four BAC 641 clones containing HdIV sequences were used as probes in FISH experiments (see below). 642 643
Fluorescent in situ hybridization (FISH) on H. didymator chromosomes 644
The H. didymator genome is composed of 12 chromosomes [70] . Karyotypes were prepared 645 from male reproductive tracts from pupae and young adults. The testes were dissected in saline 646 solution and placed in colchicine/colcemid solution (50ug / ml) during 10 minutes. After 647 elimination of the liquid, a hypotonic solution (Na citrate 0.5%) was added during 10 minutes. 648
The solution was then replaced by fixative (1 vol. acetic acid / 3 vol. methanol) and let to 649 incubate during 40 minutes. The genitalia were then placed on a glass slide, a drop of acetic 650 acid 60% was added to further shred the tissue and the slide was placed on a hot plate at 42°C 651 until complete evaporation of the liquid. The samples were stained with DAPI and observed 652 under a fluorescent microscope in order to select slides with sufficient and suitable caryotypes. 653
Two genomic clones containing a viral sequence (CE-15P20 and CF-16G11) were used as 654 probes. They were alternatively labeled using the Dig RNA labeling mix (Roche) or the biotin 655 RNA labeling mix (Roche). For hybridization, the samples were rehydrated and denatured 656 during 6 minutes by a 0,07 N NaOH treatment. The anti-digoxigenin antibody was labeled with 657 rhodamine (Roche) (dilution 1/50) and the anti-biotin antibody with FITC (Vector laboratories) 658 (dilution 1/200) overnight at 37°C. Images were captured on a Zeiss AxioImager Apotome 659 microscope. 660
661
Re-sequencing of HdIV packaged genome 662
The viral DNA was extracted following the procedure described in Volkoff et al. [71] . Briefly, 663 ovaries from about 100 female wasps were dissected in PBS and placed in a 1.5-ml microfuge 664 tube. The final volume was adjusted to 500 l using Tris-EDTA buffer and the ovaries were 665 homogenized by several passages through a 23-gauge needle. The resulting suspension was 666 passed through a 0.45-um pore-size cellulose acetate filter to recover the HdIV viral particles. 667
For viral DNA extraction, the filtrate was submitted to proteinase K and Sarcosyl treatment 668 overnight at 37°C, then to RNase A treatment 2 h at 37°C. DNA was further extracted with 669 phenol/chloroform/isoamyl alcohol and precipitated with ethanol. The DNA pellet was re-670 suspended in ultra-pure water and was sequenced using GS FLX (Roche/454), Titanium 671 chemistry (Eurofins Genomics). The obtained reads were used for DRJ excision site analyses 672 (see below). 673
674
DRJs and breakpoint analysis in H. didymator 675
The proviral integrated segments are circularized and excised by homologous recombination 676 between its extreme DRJs (at left and right extremities of the given segment). When the two 677 copies of the DRJ exhibit some punctual differences, the excision site or breakpoint can be 678 identified in a given recombined DRJ sequence with more or less resolution depending on the 679 level of divergence between the DRJ copies. 680
In order to identify and analyze DRJ excision sites of a set of circularized IV sequences in an 681 automatic fashion, we developed the following method, called DrjBreakpointFinder and freely 682 distributed at http:// github.com/stephanierobin/DrjBreakpointFinder/. The method takes as 683 input a set of circularized sequences (usually obtained by sequencing) and a reference genome. 684
It is composed of two main steps. The first step consists in identifying triplets of sequences 685 (read-DRJL-DRJR) representing the recombined DRJ and its two parental DRJs, by mapping 686 the sequencing reads to the reference genome. In the second step, a precise multiple alignment 687
is computed for each sequence triplet and a segmentation algorithm, inspired from the 688 breakpoint refinement method Cassis [72, 73] , is applied along the recombined DRJ sequence 689 to identify in the best case scenario the excision site or more generally the breakpoint region. 690
To do so, the segmentation algorithm estimates the best partition of the recombined DRJ 691 sequence into three distinct segments, corresponding to homology with DRJR, the breakpoint 692 region and homology with DRJL respectively, given the repartition of punctual differences with 693 the two parental DRJs. The segmentation algorithm is classically based on fitting a piecewise 694 constant function with two changepoints to the punctual difference signal (see [73] ). 695
DrjBreakpointFinder further gathers breakpoint results by proviral segments or DRJ pairs, in 696 order to obtain for each the distribution of potential excision sites observed in a given circular 697 virus sequencing dataset. The output of DrjBreakpointFinder consists of breakpoint region 698 coordinate files along with visual representations for each proviral segment or DRJ pair. 699
In this paper, DrjBreakpointFinder was applied to two circular viral DNA sequencing datasets. 700
Circular DNA was extracted from HdIV particles and sequenced by 454 and Sanger 701 technologies, resulting in 40,343 and 15,575 reads, respectively. 702
In addition, the DRJ copy was manually analyzed for a subset of 8 segments (Hd12, Hd16, 703
Hd19, Hd22, Hd24, Hd28, Hd29 and Hd30) that presented only one right and left DRJs in their 704 integrated form. Junctions were amplified by PCR using primers located within the viral 705 sequence, downstream and upstream the DRJs. PCR products were cloned in pGEM and 3 to 5 706 plasmid clones were then sequenced using Sanger technology for each segment. The obtained 707 recombined junction sequences were then aligned with the 2 parental DRJs in an attempt to 708 localize the excision site, based on the nucleotides differing between the 2 DRJs (see Additional 709
file 5, C (Cs) and Hyposoter didymator (Hd), in comparison with data available in NCBI 951 database. For H. didymator, "merge segments" correspond to viral loci that included 2 segments 952 former deposited in NCBI as distincts, "duplicated segments" those found in two copies in the 953 wasp genome (see Figure 3 for more details Nucleotide percentage identity between the segment sequences is given on the right part of the 989 figure. Hd23, Hd44 and Hd45 have two copies (named Hd(n).1 and Hd(n).2) that are either in 990 the same scaffold but in different insertion sites or in two different scaffold; by contrast, Hd9 991 corresponds to a single viral loci containing an internal duplication (named "copy 1" and "copy 992 2" in the diagram). 993 Segment with two distinct repeated sequences (DRJ1, in yellow and DRJ2, in green), each 1008 present in two copies (DRJ1L and DRJ1R, DRJ2L and DRJ2R). c. Segment with two repeated 1009 sequences, each present in two or more copies. DRJ1s in yellow, DRJ2s in green, HdIV genes 1010 Hd14, Hd32
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